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Assistant Professor of the Geotechnical Engineering Department, 
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SYNOPSIS: In the paper, the case history of underpinning of a tilted four-storey building located near Kastoria lake, Greece, is 
presented. Based on geotechnical investigation results, the causes of tilting and the further behaviour of the building are 
investigated and the underpinning system is also presented. 
INTRODUCTION 
The building is located close to the lake of Kastoria, 
Greece; it is 15 m high and consists of four storeys. 
Along the north side of the site and two meters away 
from this, there are ancient stone walls, approximately 3 
m high (Fig. 1). 
According to informations of the owner of the 
building, the structure has began to tilt immediately 
after the end of the construction. This tilting increased 
smoothly as the time passed. Vertical displacement 
measurements, three and half years after the building 
construction -at that moment the investigation of the 
causes and the prediction of the further behavior of the 
building bad been requested- indicated that the tilting 
was orientated perpendicularly to the section AB of the 
northern limit of the building (Fig. 1). The difference 
between the vertical displacements of the north limit of 
the building and those of the south limit, was 16.7 em. 
The structure didn't present damages, evidence that the 
building rotated like rigid body because of great rigidity 
of the foundation. For the study of the geotechnical 
behavior of the building, a pre-construction subsoil 
investigation bad not been carried out. 
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Fig. 1. Plan view of the building and of the ancient 
walls. 
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TYPE OF FOUNDATION 
The building is founded 1.85 m below the ground 
surface on rigid mat foundation which covers an area of 
300 sq.m. The effective bearing stress is 4.35 ton/sq.m. 
On account of the difficult soil conditions, the subsoil, 
from the foundation level to a depth of 3 m, had been 
replaced by compacted gravel layer. This type of 
foundation is usually applied in the region where the 
building is located. 
GEOTECHNICAL INVESTIGATION 
The subsoil was investigated till 20 m in depth, by 
means of four sampling boreholes. Their location are 
illustrated in figure 3. 
In the boreholes, undisturbed samples were obtained 
and in-situ tests SPT were performed. The laboratory 
works consisted of tests which determine the physical 
parameters, direct shear tests CU and consolidation tests. 
SUB SURF ACE CONDITIONS 
In figure 2, the soil profile and the values of the soil 
parameters are illustrated. It is resulted that the soil 
conditions encountered beneath the compacted gravel 
layer are uniform throughout the entire site. The soil 
under this layer is characterized by recent, very 
compressible deposits of clayey peat and organic silt. 
These layers are characterized by very low values of the 
unit weight 'Y ("(=1.2 to 1.4), they are in average 4.5 m 
thick and they overlay very dense gravel layer (N>90), 
9.5 m thick, which is underlain by the rocky bedrock of 
the city. The ground water level occurs at 1.20 m below 
the ground surface. Differences in the soil conditions 
from the ground surface to the depth of 3 m, are 
observed. These differences are due to the different 
constitution of the soil materials, according to the 
horizontal direction. More specifically, in the boreholes 
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Fig. 2. Subsoil conditions and soil parameters. 
Fig. 3. Plan view of the site and the area which was 
covered by the ancient artificial fills. Borehole location. 
B 1 and B2 which were performed very close to the 
northern side of the site, the first three meters of soil 
beneath the ground surface contained boulders and 
cobbles. They are ancient artificial fills which cover the 
entire area between the ancient walls and the building. 
According to informations of the owner of the building 
these artificial fills have been also found during the 
foundations excavation and covered the part of the site 
which is distant approximately 2 m from the north limit 
of the building (Figs. 2,3). 
CAUSES OF TILTING AND PREVISION OF THE 
FURTHER BEHAVIOR OF THE BUILDING. 
THEORETICAL APPROACH 
The observed tilting-time relationship and the soil 
replacement by compacted gravel layer excludes this 
tilting to be assigned to soil failure. Analysis of the 
bearing capacity showed sufficiency against shear failure 
of the soil. 
The different constitution of the soil, according to the 
horizontal direction, till 3 m in depth, leads to the 
heterogeneous initial stress-state because of the 
extremely low value of the unit weight of the organic 
layers (y=1.2 to 1.4). Assuming a value equal to 1.7 for 
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the unit weight of the ancient artificial fills, the 
difference at the level of mat foundation, between the 
increases in effective vertical stresses (due to the 
construction) applied on the northern part -2 m wide-
and those applied on the remainder part of the site, 
obtains the value of 1.5 ton/sq.m. This is a significant 
difference, as it corresponds approximately to one third 
of the transmitted load of 4.35 ton/sq.m to the soil 
through the mat foundation. Consequently, the tilting of 
the building could be mostly assigned to the above 
mentioned different unitial stress state and to the high 
compressibility of the organic layers which are 
parameters leading to the realization of differential 
settlements. 
SETTLEMENT PREDICTION 
In figure 4, the foundation conditions of the building are 
shown. The stress acting on the upper limit of the 
compressible layers results from the effective weight of 
the compacted gravel layer and the effective bearing 
stress of the mat foundation and obtains the value of 
p=4.35+0.805=5.155 ton/sq.m. 
For the calculation of the increases in vertical stresses 
developed in the subsoil, the mat foundation is 
simplified to rectangular. The settlements are calculated 
under the points which correspond to the middle of the 
north and south side of the side. The vertical plan which 
passes from these points, is parallel to the tilting 
direction. 
For the settlement calculation, the relation of Terzaghi 
is applied 
s = Co H log Oo + l!,.o (1) 
I+ eo Oo 
where: s = settlement, cc = compression index, 
H=compressible soil layer thickness, e0 =initial void 
ratio, o0 =initial effective overburden stress, A0 =stress 
increase. 
During the settlement calculation, the influence of the 







Fig. 4. Foundation conditions. 
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Fig. 5. Effect of the eccentricity on differential 
settlement (curve a) and geometric relationship between 
eccentricity and As (e=0.6•As). 
For the approach of the value of the final differential 
settlement As, the values of the differential settlements 
Asi due to diverse eccentricities ei, are calculated. The 
results of the calculations are plotted by means of curve 
a in figure 5. The value of the final settlement is 
determined by the point of intersection of this curve and 
the straight line derived by the geometrical relation e-
As. In the examined case e=0.6 As. According to figure 
5, the value of the final differential settlement will be 
As=27cm. Consequently, during these three and half 
years after the building construction, the realized tilting 
is approximately 62% of the predicted tilting by the 
analysis. The intersection of the curve a and the straight 
line e=0.6·As declares that is no danger of building 
overturn. 
TILTING- TIME RELATIONSHIP 
[n figure 6, the tilting-time relationship is plotted. It is 
ietermined under the consideration concerning the one-
iimentional consolidation. According to this 
relationship, the tilting will be continued in a slow rate 
tnd will be practically completed after more than 10 
rears. The calculated, three and half years after the 
:onstruction has been completed, differential settlement 
>f 15.12 em against the measured of 16.7 em, is due to 
Time Years 
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~ig. 6. Differential settlement-time relationship. 
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the fact that in the calculations it was not taken into 
account the horizontal drainage which accelerates the 
rate of the consolidation. 
UNDERPINNING SYSTEM 
The predicted further behavior of the building made 
necessary the underpinning of its southern part. The mat 
foundation leaded to underpinning by means of bored 
piles. The piles could be constructed inside the shops 
which were at the ground floor level of the building. 
There were difficulties only at a small part of the ground 
floor level where the staircase and the lifting are laying. 
The number and the location of the piles are 
determined based on geometry and on the bearing 
capacity of the piles. The piles was decided to be 3 m 
inside the dense gravel layer. Therefore, the length of 
the piles is 8.65 m. 
For the calculation of the pile bearing capacity, it was 
not taken into account the lateral friction along the 
organic compressible layers. On the contrary,the lateral 
friction of the compacted gravel layer was ignored in 
order to compensate additional loads due to negative 
frictions which propably would be caused by these 
organic layers. 
The approach of the allowable load of the piles is 
based on number N of SPT test and on Meyerhof relation 
q = 1/3 qa + 1/2 qf 
qa = 12 N ton/m2 




where: q=pile bearing capacity, q14=point bearing 
capacity, qr=ultimate friction load capacity. 
For minimum value of N equal to 90 in the dense 
granular layer and for pile diameter equal to D=0.3 m, 
the allowable load of a single pile obtains the value of 
Q=38 ton. In case of a pile group, this load is decreased 







Fig. 7. Underpinning of the building. a) Plan view; pile 
locations under the mat foundation and pile-bearing wall 
system on the uncovered area of the site. b) Section 1-1. 
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Fig. 8. Tilting and underpinning. a) Tilting of the building. b) Underpinning works. c) Piles on the 
uncovered area of the site. 
The total load of the building is p=4.35X300=1305 
ton. Accepting that the piles will be loaded by half of 
this load, the necessary number of piles is 27. 
On figure 7, the underpinning system is illustrated. 
Twenty one of the piles were constructed from the 
interior of the shops. Immediately after the borehole 
drilling and before the concreate works, the upper part 
of the boreholes was broadened from D=0.30 m to 
D=0.60 m till the depth of 0.50 m below the base of the 
mat foundation. For the above mentioned small part of 
the ground floor level where was impossible for the 
equipments to enter, the piles were constructed outside 
the building, on the uncovered area of the site, close to 
the limit of the mat foundation (Fig. 7). Totaly six piles 
were constructed on this area. Bearing walls anchored 
to existing bearing walls of the building, are founded on 
these piles for the transmission of the loads of the 
building (Fig. 7). 
The underpinning works lasted 20 days. The boles for 
pile casting were drilled by means of drilling machine 
Craelius D-750. 
On figure 8, the tilting of the building, the piles on the 
uncovered area of the site and underpinning works are 
illustrated. 
Following measurements for three years after the 
underpinning, did not indicate further tilting of the 
building. 
SUMMARY AND CONCLUSIONS 
The case history of a tilted four-storey building is 
presented. The causes of this tilting and the further 
behavior of the structure were investigated based on the 
results of four sampling boreholes, on SPT results and 
on laboratory tests. It was found out that the tilting was 
due principally to the heterogeneous stress-state of the 
initial geostatic stresses. This heterogeneous stress-state 
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was due to the fact that on part of the building in the 
past, replacement -till the depth of three meters- of the 
subsoil with heavier artificial fills, had taken place. The 
consequences of this heterogeneity were sub-estimated 
during the initial foundation design of the building, 
propably because this heterogeneity was restricted above 
the foundation level. The theoretical approach of the 
structure behavior leaded to the conclusion that the 
tilting will continue furthermore. The part of the 
building on which the tilting took place, was 
satisfactorily underpinned by means of 21 bored piles, 
30 em in diameter which were placed under the mat 
foundation, and by means of a six pile-bearing wall 
system placed near the external limit of the mat 
foundation. 
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